Objective: Preclinical studies, observational studies, and clinical trials suggest that thiazolidinediones (TZDs) reduce bone mineral density (BMD) and increase fracture risk. Most of the evidence on the skeletal effects of TZDs is from studies of rosiglitazone. We set out to investigate the magnitude and etiology of the adverse skeletal effects of pioglitazone. Design: Double-blind, randomized controlled trial. Trial registration: Australia New Zealand Clinical Trials Registry, actr.org.au Identifier: ACTRN12607000610437, date of registration 28/11/07. Methods: A total of 86 people with type 2 diabetes mellitus (T2DM) or impaired glucose tolerance (IGT), median age 64 years, were randomized to receive either pioglitazone 30 mg/day or placebo for 1 year, in addition to their usual diabetes treatments. The primary outcome was change in lumbar spine BMD; secondary outcomes included changes in BMD at other sites and in biochemical markers of bone turnover. Results: Change in spine BMD was not altered by treatment with pioglitazone (P treatment!time Z0.5). After 1 year, the mean (95% CI) between-groups difference in lumbar spine BMD was K0.7% (K2.1, 0.7). Pioglitazone increased bone loss at the proximal femur (P treatment!time Z0.03). After 12 months, the between-groups difference in total hip BMD was K1.2% (K2.1, 0.2). Pioglitazone did not alter change in BMD at other skeletal sites, nor did it affect changes in the levels of either of the biochemical markers of bone turnover, procollagen type 1 N-terminal propeptide, or b-C-terminal telopeptide of type 1 collagen. Conclusions: Over 1 year, treatment with pioglitazone 30 mg/day did not produce consistent effects on either BMD or bone turnover in people with T2DM or IGT. The mechanism(s) by which pioglitazone increases fracture risk in T2DM is unclear.
Introduction
Thiazolidinediones (TZDs) are insulin-sensitizing agents used in the management of type 2 diabetes mellitus (T2DM) (1) . They are agonists of the g-isoform of the peroxisome proliferator-activated receptor (PPAR) family of nuclear transcription factors. In patients with T2DM, TZDs improve glycemic control (1) ; in patients with impaired glucose tolerance (IGT), they slow the development of T2DM (2) .
PPARg is expressed in bone, where it acts as a molecular switch that regulates the fate of pluripotent mesenchymal stem cells, which have the ability to differentiate into either adipocytes or osteoblasts. Preclinical data suggest that activation of PPARg signaling decreases bone mass, with evidence for both inhibition of bone formation and stimulation of bone resorption (3) . TZDs also exert detrimental skeletal effects in humans.
Fractures, captured as adverse events in randomized clinical trials, are increased in women with diabetes randomized to TZD therapy compared with those allocated to either placebo or other oral hypoglycemic agents (4) . Observational studies reported a similar effect in men with diabetes (5, 6) . In clinical trials, the excess of fractures was apparent in the appendicular skeleton (7) ; observational studies in older and larger populations suggested an increase in risk of hip and spine fractures also (5, 8) .
Although it seems clear that TZDs adversely affect skeletal health, several uncertainties remain. The mechanism(s) by which TZDs increase skeletal fragility in humans is not clear. Short-term studies on healthy older women (9) , on younger women with polycystic ovarian syndrome (10), on women with T2DM (11), on men with T2DM (12) , and on men with HIV infection (13) suggested that TZDs decrease bone formation and accelerate bone loss. However, other studies have reported increases in markers of bone resorption in participants randomized to TZD therapy (14) . Several studies that reported data on markers of bone turnover have been active comparator trials, in which significant changes from baseline in bone markers have also been observed in the non-TZD arm(s). In addition, limited data are available on the magnitude and time course of the effects of TZDs on the human skeleton, and few data are available on the effects of TZDs on appendicular bone mass. Almost all of the clinical data on TZDs and bone health are from studies of rosiglitazone, a medication that has now been withdrawn from use in some jurisdictions because of its adverse effects on vascular health (15) .
Several studies have suggested that pioglitazone does not induce the adverse cardiovascular effects that are observed with rosiglitazone (16) . Consequently, pioglitazone use remains substantial (17), despite evidence for increased fracture risk (4) and concerns about increased risk of bladder cancer (18) . Thus, studying the skeletal effects of TZDs, and specifically of pioglitazone, remains relevant. In this paper, we report the results of a 1-year randomized controlled trial of the effects of pioglitazone on bone mineral density (BMD) and biochemical markers of bone turnover in people with T2DM or IGT.
Subjects and methods

Protocol
All visits took place at a clinical research facility. Participants were recruited by newspaper advertisement, by sending written invitation from primary care clinics or by direct invitation from a secondary care clinic. Eligible participants were O30 years with T2DM, defined by a fasting blood glucose O7 mmol/l and/or serum glucose O11 mmol/l 2 h after ingesting 75 g oral glucose, or IGT, defined by fasting blood glucose 6-7 mmol/l and/or serum glucose 7.8-11 mmol/l 2 h after ingesting 75 g oral glucose. Exclusion criteria were current TZD use; congestive heart failure New York Heart Association grade 2 or higher; advanced renal dysfunction (estimated glomerular filtration rate (eGFR) !30 ml/min); clinical liver disease; current malignancy; body weight O120 kg; previous vertebral, hip, forearm, or humerus fracture; BMD T-score at dual total hip or L1-L4 !K2; serum 25OHD !30 nmol/l; other metabolic bone disease; current use of medications known to influence bone metabolism; and previous use of an aminobisphosphonate. Participants receiving insulin needed to have had a stable daily dose for the 3 months preceding enrolment. Recruitment occurred between October 2008 and April 2011. The flow of participants through the trial is shown in Fig. 1 . Among the 86 randomized participants, five withdrew from the study, three in the pioglitazone group (all personal reasons), and two in the placebo group (one personal reasons and one incorrect diagnosis of T2DM). Thirteen participants (eight pioglitazone and five placebo) discontinued study medication during the trial but completed the protocol. The final 1-year study visit occurred in April 2012.
Management of each participant's diabetes during the trial was undertaken by the usual health care provider, Flow of participants through the study.
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www.eje-online.org who was informed of their patient's participation. Enquiry was made at each study visit as to the occurrence of dyspnea or peripheral edema. Any participant who reported either symptom was assessed for congestive heart failure by clinical examination and echocardiography. If congestive heart failure was diagnosed, study medication was discontinued.
Randomization and masking
The pioglitazone and placebo tablets differed in appearance, so to ensure double blinding they were placed in identical opaque capsules by the research staff members who had no contact with trial participants or involvement in study procedures. The participants were randomly allocated to receive a daily capsule containing pioglitazone or placebo for 12 months. For participants allocated to pioglitazone, the dose was 15 mg daily for the first month, and thereafter 30 mg daily. No other study medication was administered. The treatment allocations were randomized by the study statistician, using a variable block size schedule, based on computer-generated (Excel 2010) random numbers. Only the statistician had access to treatment allocation codes, and he had no contact with study participants. All the other study personnel and subjects were blinded to treatment allocation throughout.
Only the study statistician saw unblinded data. Success of blinding was assessed by asking participants at the end of the trial whether they had been allocated to active or placebo therapy, or did not know, and James' Blinding Index was calculated (19) .
Outcomes
The primary endpoint was change in lumbar spine BMD at 1 year. The secondary endpoints included change in BMD at dual total hip, total body, and forearm, and change in the bone turnover markers, serum procollagen type 1 N-terminal propeptide (P1NP) and b-C-terminal telopeptide of type 1 collagen (b-CTX). Assuming a S.D. for the change in the lumbar spine (L1-L4) BMD of 5%, the study was adequately (O80%) powered to detect a difference (two-tailed P!0.05) of 4% in spine BMD between the treatment groups. BMD was measured at baseline, 3, 6, 9, and 12 months at the lumbar spine (L1-L4), dual proximal femur, forearm, and total body using a Lunar Prodigy dual-energy X-ray absorptiometer (GE Lunar, Madison, WI, USA). The coefficients of variation (CV) for the measurement of total hip and lumbar spine BMDs in our laboratory are 1.1 and 1.4% respectively.
The serum bone turnover markers, P1NP and b-CTX, were measured in the samples collected after overnight fast at baseline, 1, 3, and 12 months using the Roche Elecsys 2010 platform (Roche Diagnostics). The samples were stored at K70 8C until the conclusion of the study, when they were batch-analyzed. The CV of these markers are b-CTX, 5.1% and PINP, 1.9%.
Statistical analysis
The data were analyzed using procedures of SAS, version 9.2 (SAS Institute, Inc., Cary, NC, USA). All analyses were by intention to treat. Continuous, normally distributed variables were analyzed with a mixed-models ANOVA. The main effects of time and treatment and their interaction (treatment!time) were included in a fully saturated model, with the absolute level being the dependent variable. In complementary analyses, change from baseline was the dependent variable and the appropriate baseline value included as a covariate. In the event that the interaction term failed to reach statistical significance, a reduced model was fitted to explore the remaining main effects. Significant main or interaction effects were further explored using the method of Tukey to preserve the overall pairwise error rate. The data are presented as mean and 95% CI unless otherwise indicated. All tests were twotailed, and P!0.05 was considered significant.
Role of the funding source
The study sponsor had no role in study design, in the collection, analysis, and interpretation of data, in the writing of the report, or in the decision to submit the paper for publication.
Trial registration
The study received ethical approval from the Northern Y Regional Ethics Committee and was registered with the Australian New Zealand Clinical Trials Registry, ACTRN12607000610437, date of registration 28/11/07. All participants gave written, informed consent. site was robust. During the trial, HbA1c decreased in the pioglitazone group (change from baseline K0.4% (K0.6, K0.1); K3.6 mmol/mol (K6.1, K1.1)) while that in the control group was unchanged (change from baseline 0.1% (K0.1, 0.3); 0.8 mmol/mol (K1.5, 3.0)) (PZ0.01 pioglitazone vs placebo). Mean compliance did not differ between groups (placebo 87%, pioglitazone 85%, PZ0.7). At the end of the trial, a majority of participants in each group (56% placebo and 61% pioglitazone) stated that they did not know their treatment allocation. James' Blinding Index was 0.6, indicating moderate success in achieving blinding (19) . Figure 2 shows the BMD data at lumbar spine and dual total hip. Pioglitazone did not alter BMD at the lumbar spine (P treatment!time Z0.5). After 12 months, the betweengroups difference in lumbar spine BMD was K0.7% (K2.1, 0.7). Pioglitazone increased bone loss at the proximal femur (P treatment!time Z0.03). After 12 months, the between-groups difference in total hip BMD was K1.2% (K2.1, 0.2). Figure 3 shows the BMD data at the 33% (proximal) forearm and total body sites, which are wholly or predominantly composed of cortical bone. At neither site was there evidence that pioglitazone induced bone loss. After 12 months, the between-groups difference in proximal forearm BMD was K0.9% (K2.2, 0.3) and
Bone mineral density
K0.5% (K1.2, 0.1) at the total body.
Post hoc analyses did not suggest a differential effect of pioglitazone on BMD by gender. Mean between-groups differences in BMD in female participants after 12 months ranged from K0.1% at the lumbar spine to K2.0% at the total hip, while in male participants the mean differences ranged from K0.3% at the total body to K1.2% at the lumbar spine. Body weight declined by 0.04 kg (K1.01, 0.93) in the control group and increased by 1.4 kg (0.20, 2.60) in the pioglitazone group. Including change in body weight as a covariate did not alter the results (P treatment!time for lumbar spine BMDZ0.5). Including age as a covariate in the analyses did not alter the results (P treatment!time for lumbar spine BMDZ0.5). Figure 4 shows the results of bone turnover marker measurements. The marker of bone formation, P1NP, was marginally higher during the trial in the pioglitazone group (P treatment!time Z0.05). After 12 months, P1NP was higher by 14% (0.3, 28) in the pioglitazone group. The marker of bone resorption, b-CTX, was not affected by pioglitazone (P treatment!time Z0.6). After 12 months, b-CTX was higher by 9% (K11, 28) in the pioglitazone group.
Bone turnover markers
Adverse events
Lower limb edema occurred more frequently in the pioglitazone group (nZ8) than in the placebo group (nZ1) (PZ0.02). Congestive heart failure was diagnosed in two participants in the pioglitazone group and one www.eje-online.org participant in the placebo group (PZ0.7). In the pioglitazone group, study medication was discontinued by eight participants, because of congestive heart failure (nZ2), edema without congestive heart failure (nZ4), painful feet without edema (nZ1), and paraesthesia in the hands (nZ1). In the placebo group, study medication was discontinued by five participants, because of congestive heart failure (nZ1), musculoskeletal pain (nZ2), nausea (nZ1), and nonspecific symptoms (nZ1). In the pioglitazone group, three fractures (one toe and two ankles) occurred in two participants. No fractures occurred in the placebo group.
Discussion
This trial was established in response to the findings of an increased incidence of fractures identified by adverse events reporting in pharmaceutical company-sponsored trials of TZDs (4), and of accelerated bone loss in shortterm trials of TZDs in healthy older women (9), women with polycystic ovary syndrome (10) , and older women with T2DM (11) . Evidence from preclinical studies (3) and from clinical trials implicated both decreased bone formation (9) and increased bone resorption (14) as mechanisms underpinning the acceleration of bone loss. We found that 30 mg/day of pioglitazone did not increase bone loss at the lumbar spine over 12 months in a population of men and women with T2DM. Pioglitazone marginally increased bone loss at the proximal femur, but had no effect on BMD at skeletal sites enriched for cortical bone, the proximal forearm, and total body. Pioglitazone marginally increased levels of the bone formation marker P1NP, but did not affect those of the bone resorption marker, b-CTX.
Most of the evidence for skeletal harm of TZDs comes from studies of rosiglitazone (3). Although both clinically available TZDs improve insulin sensitivity and glycemic control, there may be differences between the drugs in their effects on other tissues. Thus, rosiglitazone increases the risk of cardiovascular events (21) , while pioglitazone may not (16) . Pioglitazone may increase the risk of bladder cancer (18) , an effect not associated with rosiglitazone (22) . We elected to study pioglitazone because at the time the trial was planned there was already some evidence of increased vascular risk from treatment with rosiglitazone, findings which subsequently led to its withdrawal from clinical use in some jurisdictions (15) . Our results suggest that pioglitazone, administered at a dose frequently used in clinical practice, has small effects on bone turnover and BMD. They are congruent with a preliminary report from a randomized placebo-controlled trial of 45 mg/day pioglitazone in postmenopausal women with glucose intolerance, in which there was no effect of the TZD on total hip or lumbar spine BMD or markers of bone turnover during 12 months of exposure (23) . In addition, a randomized trial of rosiglitazone vs metformin demonstrated modest decrements in BMD (1-2% in the axial skeleton) and increases in bone turnover (w20%) over 12 months in postmenopausal women with T2DM (24) . Similarly small decreases in BMD throughout the skeleton (0.2-2.2%), without alteration in markers of bone turnover, were observed in participants with T2DM in a randomized trial of rosiglitazone and metformin vs metformin, over 18 months of treatment (25) .
It is therefore apparent that 12-18 months of treatment of people with T2DM with a TZD produces small adverse effects on surrogate markers for skeletal health. The changes are similar in magnitude, although opposite in direction, to those observed in response to interventions which cause marginal reductions in fracture risk, such as calcium supplementation (26) . An important consideration, therefore, is how TZDs increase fracture risk, a finding that emerged from the analyses of adverse events in trials of both rosiglitazone and pioglitazone (4) . In those analyses, the relative risk of fracture was increased by 1.5-to 2-fold and appeared to be restricted to the appendicular skeleton and to women (4, 27, 28) . Subsequent observational studies reported increased fracture risk after exposure to a TZD in men, and in the axial skeleton (5) . A 1.5-to 2-fold increase in fracture risk, if attributable to changes in BMD, would be predicted to be associated with a decrement in BMD approaching 1 S.D. (w10%) in size (29) .
Although the risk of fracture is consistently reported to be increased in T2DM (30) , this observation cannot be explained by alterations in BMD measured by dual-energy x-ray absorptiometry (DXA) (20) , in bone structure assessed by computed tomography (31) , or in bone metabolism as assessed by turnover markers (30) . An increased risk of falling, consequent upon the vascular, visual, and neurological co-morbidities associated with T2DM (32), and/or impaired bone quality secondary to nonenzymatic glycosylation of components of the bone matrix (33), have been invoked to explain skeletal fragility in T2DM. To our knowledge, there is no evidence that TZDs increase risk of falls. TZDs reduce glucose levels, so would be predicted to reduce nonenzymatic glycosylation. However, it remains possible that TZDs might increase fracture risk by adversely affecting bone quality in a manner that is not captured by current assessment modalities.
Although our trial was randomized, placebocontrolled, and double-blind, it had some limitations. The trial was powered to detect a between-groups difference in spine BMD of 4%, a change that was plausible based on data from short-term trials (9) , and that over 1 year that would clearly be clinically and biologically significant. The study duration was only 12 months; it is possible that a longer duration of treatment might reveal a greater cumulative effect of pioglitazone on bone metabolism. If this was so, the drug might produce clinically important decrements in BMD during long-term therapy of T2DM. However, the increased risk of fracture in an active comparator trial of rosiglitazone became apparent during the second year (27) , suggesting that, if alterations in either BMD or bone turnover were contributory, they would probably have been apparent by the end of 1 year. Finally, our trial had limited power to detect differences in the skeletal effects of pioglitazone by gender.
In summary, the results of this trial suggest that 1 year of treatment of people with T2DM or IGT with a standard dose of pioglitazone did not produce clinically important changes in either BMD or biochemical markers of bone turnover. Our findings are congruent with those from recently published trials of rosiglitazone of 45 mg/day pioglitazone. Whether there is a cumulative effect of pioglitazone on bone metabolism over longer durations of therapy is not known. The explanation for the increased risk of fractures observed in both randomized trials and observational studies of TZDs remains unclear.
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